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Ionic liquids with cationic organosilicon groups have been shown to have a number

of useful properties, including reduced viscosities relative to the homologous cations

with hydrocarbon substituents on the cations. We report structural and dynamical

properties of four ionic liquids having a trimethylsilylpropyl functional group, in-

cluding 1-methyl-3-trimethylsilylpropylimidazolium (Si-C3-mim+) cation paired with

three anions: bis(fluorosulfonyl)imide (FSI−), bis(trifluoromethanesulfonyl)imide

(NTf−2 ) and bis(pentafluoroethanesulfonyl)imide (BETI−); as well as the analo-

gous N-methyl-N-trimethylsilylpropylpyrrolidinium (Si-C3-Pyrr+) cation paired with

NTf−2 . This choice of ionic liquids permits us to systematically study how increas-

ing the size and hydrophobicity of the anions affects the structural and transport

properties of the liquid. Structure factors for the ionic liquids were measured using

high energy X-ray diffraction and calculated from molecular dynamics simulations.

The liquid structure factors reveal first sharp diffraction peaks (FSDPs) for each of

the four ionic liquids studied. Interestingly, the domain size for Si-C3-mim+/NTf−2

indicated by the maxima for these peaks is larger than for the more polar ionic

liquid with a similar chain length, 1-pentamethyldisiloxymethyl-3-methyl-imidazol-

ium bis(trifluoromethanesulfonyl)imide (SiOSi-mim+/NTf−2 ). For the series of Si-C3-

mim+ ionic liquids, as the size of the anion increases, the position of FSDP indicates

that the intermediate range order domains decrease in size, contrary to expectation.

Diffusivities for the anions and cations are compared for a series of both hydrocarbon-

substituted and silicon-substituted cations. All of the anions show the same scaling

with temperature, size and viscosity, while the cations show two distinct trends-

one for hydrocarbon-substituted cations and another for organosilicon-substituted

cations, with the latter displaying decreased friction.

a)Electronic mail: ktkenji@staff.kanazawa-u.ac.jp, ed.castner@rutgers.edu
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I. INTRODUCTION

Ionic liquids (ILs) with silicon-containing cations (Si-ILs) were shown to have significantly

reduced viscosities relative to the homologous species where the silicon atom is replaced by

a carbon. Shirota and Castner showed that the viscosities could be 1.6 times lower for 1-tri-

methylsilylmethyl-3-methyl-imidazolium (Si-mim+) than for 1-methyl-3-neopentylimidazo-

lium (C-mim+) cations paired with the NTf−2 anion, with the ratio of viscosities increasing

to a factor of 7.4 when BF−

4 is used as the anion.1 This effect was further investigated by

expanding the series of ILs to include pentamethyldisiloxy and silylphenyl groups,2 and by

studying the transport properties of the anions and cations using pulsed-gradient spin-echo

(PG-SE) NMR3 and laser transient-grating methods.4 Low viscosities and high conductivities

have also been reported for other Si-ILs.5,6 Applications using Si-ILs have been reported for

gas separations,7 as polymer gel electrolytes for dye-sensitized solar cells,8,9 and as surfactant

materials.10

The local structures and interactions in ionic liquids have been fully investigated by X-ray

scattering, neutron scattering and molecular dynamics simulations in many studies.11–38 For

NTf−2 -anion ILs, there is a sharp division between inter- and intra-molecular structure for

the scattering vector value of q=2 Å−1.39 For the inter-molecular structure regime, there are

three typical peaks in this region of the structure factor S(q). The adjacency peak, with a

maximum typically found at about q ∼ 1.4 Å−1, arises from the interactions of ions with

their closest neighbors. The charge-charge correlation peak is usually centered near q=0.8

Å−1, which reveals the interactions between ions and their second coordination shell. For

those ILs with sufficiently large spatial extent, a pre-peak or first sharp diffraction peak

(FSDP) appears at the lowest values of q, typically in the range from 0.2-0.6 Å−1.12,40,41

Most commonly, the FSDP results from intermediate range order arising from nano-domain

segregation between non-polar alkyl tails on either the cations11,18,42–44 or anions45,46 that

locally separate from the polar anionic and cationic head groups. Recently, we have reported

that more polar groups such as a pentamethyldisiloxy tail can also lead to this kind of nano-

phase segregation.47 A third mechanism for such intermediate range order can arise from

H-bonding networks in liquids such as ethyl- and propyl-ammonium nitrate.11,22,48,49

Previously we reported the bulk liquid structure of three Si-ILs with NTf−2 anion,

1-trimethylsilylmethyl-3-methyl-imidazolium (Si-mim+), 1-pentamethyldisiloxymethyl-3-
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methyl-imidazolium (SiOSi-mim+) and 1-trimethylsilylmethyl-3-methyl-pyrrodinium (Si-

pyrr+).47 We also studied an IL with a hydrocarbon side chain cation (C-IL), 1-methyl-

3-neopentylimidazolium bis(trifluoromethanesulfonyl)imide (C-mim+/NTf−2 ), which differs

from Si-mim+/NTf−2 only by the replacement of the Si atom by C.47 We obtained the

structure factors for these ILs using high energy X-ray scattering and molecular dynamics

simulation methods.47

We found that the structure of Si-mim+/NTf−2 is very similar to its carbon homolog

C-mim+/NTf−2 . There are two notable differences between these two ILs. The first is that

the adjacency peak shifts to lower values of q for Si-mim+/NTf−2 , which is caused by the

larger volume of Si-mim+ cation. The second difference is that the charge-charge correlation

peak in C-mim+/NTf−2 is more sharply defined, which we believe is evidence for stronger

interactions between ions in C-mim+/NTf−2 than in Si-mim+/NTf−2 . This observation is

consistent with the conclusion by Shirota et al. using femtosecond Kerr effect spectroscopy.

In this work, we discuss ILs with two different silicon-containing cations with longer

–(CH2)3Si(CH3)3 tails, 1-methyl-3-trimethylsilylpropylimidazolium (Si-C3-mim+) and N-

methyl-N-trimethylsilylpropylpyrrolidinium (Si-C3-Pyrr+). The molecular structure of

cations and anions we studied are shown in Fig. 1. We note that both of these cations have

a similar spatial extent to the SiOSi-mim+ cation, while the trimethylsilylpropyl group is

less polar than the pentamethyldisiloxy group.
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FIG. 1. The molecular structure of silicon ionic liquid cations and anions.

We are also interested in the effect of the anionic size and properties on the bulk structure

of the ILs. In this study, we report structural details for the Si-C3-mim+ cation paired

with each of three sulfonylimide based anions: bis(fluorosulfonyl)imide (FSI−), bis(trifluoro-

methanesulfonyl)imide (NTf−2 ) and bis(pentafluoroethanesulfonyl)imide (BETI−). There are
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some studies focusing on the effect of anion type on structure of ILs,33,45,46,50,51 but there

are fewer reports on the dependence of IL structure on anion size and anion chain length.

Unique features of the Si-ILs appear not only in the liquid structure factors and ionic

interactions, but also in transport properties.1–5 Recently, Endo et al. revealed that solute

diffusion in Si-ILs, particularly for small sizes of diffusing molecules, is faster than for similar

C-ILs when compared using the Stokes-Einstein plot, i. e., normalizing by T/(η × r). This

clearly indicates that solute diffusion mechanism differs in each medium, which we will show

is likely to be the case for diffusion of the IL anions and cations themselves. In the last section

of our results, anionic and cationic self-diffusion coefficients for Si-ILs were measured with

PG-SE NMR and compared to those for C-ILs.

II. METHODS

Preparation of Ionic Liquids

The synthetic procedure for this set of Si-ILs was reported previously,4 hence only

a brief description is presented here. All starting materials were used as received, in-

cluding 1-methylimidazole and 1-methylpyrrolidine (both from Acros Organics), 3-chloro-

propyltrimethylsilane (Gelest), potassium bis(fluorosulfonyl)amide (Kanto Kagaku), lithium

bis(trifluoromethylsulfonyl)amide (Kanto Kagaku), and lithium bis(pentafluoroethane-

sulfonyl)amide (Kishida Kagaku). First, chloride salts were obtained by the quaternization

of either 1-methylimidazolium or 1-methylpyrrolidinium with 3-chloropropyltrimethylsilane,

typically in acetonitrile solutions at 353 K for 48 h under an argon atmosphere. Appropriate

purifications were performed for the product chloride salts, including washing with ethyl

acetate, recrystallization, and decolorizing with activated charcoal. The Si-ILs were pre-

pared from the corresponding chloride salts by ion exchange with the lithium or potassium

salts K+/FSI−, Li+/NTf−2 , or Li+/BETI−. The ILs obtained were washed with distilled

water several times until they passed the AgNO3 test and were again decolorized with

activated charcoal. Characterization of the samples was done using 1H, 13C, and 19F NMR

spectroscopies.
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High-Energy X-ray Diffraction Experiments

The X-ray scattering experiments were carried out at sector 11-ID-B of the Advanced

Photon Source, as described previously.47,52,53 Briefly, the ILs are filled in 3 mm glass NMR

tubes under an argon atmosphere and then flame sealed. The X-ray beam with wavelength

of 0.21140 Å is directed on the sample tube, and the 2-D X-ray scattering pattern is recorded

using a Perkin-Elmer detector. Each sample is exposed under X-ray beam for a total time of

3 minutes. In each case the sample to detector distance is calibrated using a powder CeO2

sample, and is approximately 22.7 cm. The 2D scattering pattern is integrated from center

to edge using Fit2D software54 to obtain scattering intensity over scattering vector q. The

X-ray structure factor S(q) is obtained using PDFgetX2 program from Qiu et al. during

which many corrections are done including the Compton scattering and the subtraction of

background of empty tubes.55

Molecular Dynamics Simulations

The structure of ionic liquids are also studied using molecular dynamics (MD) simulations

using the Gromacs 5.0.4 package56–58 with GPU acceleration. All settings and equilibration

protocols are identical to the previous work.47 Calculation of the liquid structure factors S(q)

was done using Equation 1, as described previously.39,41,47 Complete details of the simulation

methods are provided in the Supplementary Material.

S(q) =

ρ0
n∑

i

n∑

j

fi(q)fj(q)
∫
∞

0 4πr2(gij(r)− 1) sinqr
qr

W (r)dr

[
n∑

i

xifi(q)]2
. (1)

In this equation, ρ0 is the box number density, gij(r) is the radial distribution function

between atom types i and j, xi and xj are the molar fractions of atoms i and j, and fi(q)

and fj(q) are the atomic form factors for atom types i and j.59,60 The Lorch window function

W (r) = sin(2πr/L)/(2πr/L) is used to account for the finite box sizes.44,61,62

As described by Santos et al., the total structure factor S(q) can be partitioned into ionic

contributions, as shown in Eq. 2,39

S(q) = Sc−c(q) + Sa−c(q) + Sc−a(q) + Sa−a(q) (2)
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where a and c denote anionic and cationic contributions, respectively.

Kashyap et al. showed that S(q) can be further deconstructed into sub-ionic partitions,

including the interactions between anions, and cationic heads and tails, as shown in Eq. 3,44

S(q) = Sh−h(q) + St−t(q) + Sa−a(q) + 2Sh−a(q) + 2St−a(q) + 2Sh−t(q) (3)

where h and t indicate cationic head and tail contributions, respectively. The partitioning

schemes for S(q) are directly related to the original partitioning of binary mixtures of hard

spheres described by Ashcroft and Langreth,63 which are a formal inversion of the parti-

tioning of the pair distribution described by Lebowitz.64 For more strongly amphiphilic ILs,

a polar/apolar partitioning of S(q) can be quite useful.12 However, since the Si-ILs do not

have apolar tails, this polar/apolar partitioning is not used here.

The OPLS-AA65,66 based transferable force field by Canongia Lopes and Pádua (CL&P

force field) are used for this simulation.67–70 The missing parameters are calibrated using

the same method as described previously.47 Details of the force fields used are given in the

Supplementary Material.

Viscosity and Diffusivity Measurements

IL viscosities were measured in Kanazawa using a Brookfield LVDV-II cone-and-plate

viscometer under atmospheric conditions. The temperature was controlled between 288.2 K

and 368.2 K with ±0.1 K accuracy. The standard deviation for a series of measurements of

viscosity standards is ±0.5 mPa-s.

The anionic and cationic diffusivities are measured using pulse-gradient spin echo (PG-

SE) NMR experiments71,72 using a bipolar pulse pair stimulated echo (D-BPP-STE) pulse

sequence73 as described previously.52,53 For diffusion measurements, the 3 mm NMR tubes,

used later for the X-ray experiments, are directly placed inside a standard 5 mm NMR

tube containing the D2O for deuterium spin-locking. Spin echo intensities are obtained

by measuring the spin-echo intensities for a set of 15-20 different magnetic field gradient

strengths. Self-diffusion coefficients are obtained from these data using the analysis methods

described previously.52,53 The field gradient is generated using a Doty Scientific model 16–38

diffusion probe on a 400 MHz Varian DirectDrive spectrometer. The gradient is calibrated to

the diffusion coefficient of HDO in a standard D2O sample to be 1.9×10−9 m2/s at 298 K.74
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Because the anions contain only 19F atoms and no protons, and the cations contain multiple

protons but no fluorines, the unique diffusivities for anions and cations are measured using

19F and 1H signals, respectively. The diffusivities for each peak in NMR spectra are analyzed,

and the diffusion coefficient of the molecule is obtained by averaging them. Diffusivities

measured for different atoms on the same molecule differ by less than 10%.

RESULTS AND DISCUSSION

Structure of silicon substituted ionic liquids

The simulated and experimental densities of the ILs studied are shown in Table I. The

simulated density is systematically ∼ 7% larger than experimental values. The IL densities

estimated using CL&P force field is usually larger for most imidazolium and pyrrolidinium

ionic liquids.75 According to our previous experience, good match between experimental and

simulated structure factors can still be achieved though there are small discrepancies in the

ionic liquid densities.44,67

TABLE I. Simulated and experimental densities (in g cm−3), structure factors and experimental

viscosities (in mPa-s) for the four Si-ILs at 298 K.

Exp (sim) peak position in S(q) (Å−1)

IL ρ(sim) ρ(exp) a Viscosity b adjacency charge-charge correlation FSDP

Si-C3-mim+/FSI− 1.335 1.248 92.3 1.30 (1.34) – 0.37

Si-C3-mim+/NTf−2 1.420 1.317 127.5 1.30 (1.34) 0.88 (0.90) 0.39

Si-C3-mim+/BETI− 1.494 1.394 287.0 1.27 (1.31) 0.84 (0.86) 0.41

Si-C3-Pyrr+/NTf
−

2 1.368 1.299 241.8 1.25 (1.27) 0.83 (0.83) 0.46

a From Ref. 4; b Calculated from VFT fit parameters.

The structure factors obtained from high energy X-ray scattering experiments and from

MD simulations are compared in Fig. 2. Structure factors obtained from the high-energy X-

ray scattering data are plotted in red, while the MD results are plotted in blue. These results

reveal significant shifts in the intensities and peak positions for the adjacency interactions,

the charge-alternation correlations, and the FSDP for each of these four Si-ILs. Note that

the scale of the S(q) functions spans a range from 0 to 3. The q values for the adjacency
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FIG. 2. The experimental and simulated structure factors of four ionic liquids. The top graph

shows the details for the intermolecular regime of S(q) between 0 <q <2.5 Å−1. Arbitrary offsets

of +3, +6 and +9 is applied to display the four S(q) functions without overlap.

peaks are shown in Table I. The larger q values for each of the simulated peak positions

are a direct consequence of the 7% over-estimation of the density. As discussed in our

previous study of other Si-ILs having the NTf−2 anion,47 the incomplete agreement between

calculated and measured peaks in the structure factors is likely arising from an imperfect

form for the new Si parameters in the force field, since quantitative agreement for calculated

vs. measured X-ray structure factors has been obtained for the existing CL&P parameters

for NTf−2 .
68

The ionic partitioning of S(q) is accomplished by writing S(q) according to Eq. 2. The
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partial structure factor components of S(q) are plotted in Fig. 3. Note that strong inter-

ference leads to partial S(q) components that have significantly larger magnitudes than the

observable total S(q) function. Specifically, each of the four Si-ILs shows a maximum of

about 3 in the total S(q), while the partial S(q) maxima can be as large a 8 for the case of

Si-C3-Pyrr+/NTf
−

2 . The adjacency peak is seen to arise from constructive interference from

the anion-cation and cation-cation interactions, with smaller contributions from the anion-

anion interactions. The charge-alternation signature is clear from the peak at q=0.8 Å−1,

where the anion-anion and cation-cation contributions make strong positive contributions

that are ultimately offset and nearly canceled by the anti-peak resulting from the anion-

cation contributions. It is worth noting that these anti-peaks cannot be directly observed in

the total X-ray scattering, but their presence in the deconstructed partial structure factors

is an unambiguous marker for underlying structure in the Si-ILs. The partial S(q) functions

for the Si-C3-Pyrr+/NTf
−

2 IL show the sharpest and most intense peaks, indicating a greater

degree of ordering for this liquid relative to the corresponding imidazolium-cation Si-ILs.

Fig. 2 shows that the charge-charge correlation peak appears only as a shoulder at

about 0.9 Å−1 for Si-C3-mim+/FSI−. The corresponding charge-charge correlation peaks

in the X-ray structure functions for the other ILs are given in Table I. Since the charge-

charge correlation is due to the second coordination shell interactions, we can obtain more

information about this peak from the ionic partitioning of S(q) from Fig. 3. The ionic

interaction extrema in Fig. 3 are observed at q-values of approximately 0.90 Å−1 for Si-C3-

mim+/FSI−, 0.84 Å−1 for Si-C3-mim+/NTf−2 , 0.81 Å−1 for Si-C3-mim+/BETI− and 0.83

Å−1 for Si-C3-Pyrr+/NTf
−

2 . From the head-tail-anion partitioning in Fig. 4 we found that

the charge-charge correlation peak is dominated by the interactions between anions and

cation heads, and all interactions involving cation tails have a small effect on this peak,

which indicates that the charge ordering is primarily determined by the polar parts of the

molecules.44

The cationic –(CH2)3Si(CH3)3 tail on both Si-C3-mim+ and Si-C3-Pyrr+ is sufficiently

long to give rise to a clear FSDP, though the peak is broader and attenuated for the case

of Si-C3-Pyrr+/NTf
−

2 . From the ionic partitioning in Fig. 3 we observe that the FSDP is

mainly arising from a positive-going anion-anion peak offset by a cation-anion anti-peak.

These results are quite similar to the observations of the FSDP for ILs with hydrocarbon

cationic tail reported previously.14,18–21,26,40,42–44,76

10



FIG. 3. The partial structure factors from ionic partitioning of S(q) according to Eq. 2.

Further partitioning of S(q) into sub-ionic categories is done using S(q) in the form given

by Eq. 3. The resulting total and partial S(q) curves are shown in Fig. 4. The significantly

larger electron density for the anions than the cations in this set of four Si-ILs is the reason

that the scale for the sub-ionic components involving the anion are about a factor of three

larger in magnitude than for purely cation-cation types of interactions. Specifically, the

anion-anion (a-a), cationic head group-anion (h-a/a-h) and cationic tail group-anion (a-t/t-

a) interactions are more intense that the cation-only interactions such as head-tail (h-t/t-h),

tail-tail (t-t) and head-head (h-h). Note that the charge-alternation peak in S(q) shows the

strongest and sharpest contributions for the Si-C3-Pyrr+/NTf
−

2 IL, while the contributions

to the FSDP intensity are strongest for the Si-C3-mim+/NTf−2 IL. In the ionic partitioning

of S(q) in Fig. 3 one sees that the FSDP consists primarily of anion-anion interactions,

while the cation-cation interactions seem to have little effect on this peak. However, the

sub-ionic partitioning of S(q) shown in Fig. 4 shows that this is indeed a cancellation
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between positive head-head and tail-tail interactions with a negative contribution of head-

tail interaction. This illustrates the complex nature of the interactions in the intermediate

range order in these ILs.

FIG. 4. Partial structure factors for partitioning of S(q) into sub-ionic cation-head/cation-

tail/anion interactions as per Eq. 3.

Spatial Distribution Functions of Anions and Cations

The spatial distribution of anions around cations for four ionic liquids are shown in Figs.

5 and 6. The spatial distributions are analyzed from simulation trajectory using TRAVIS

software77 and visualized using VMD.78 In Fig. 5, the positions of cationic terminal Si(CH3)3

groups are fixed, with the anionic probability density shown in blue and the distribution

of positions of the cationic ring shown in the red isodensity. The cationic ring probability

density appears as it does as a result of the three-fold near symmetry around the Si-CH2

bond.

In Fig. 6, spatial distribution is shown for a fixed position of the cationic head group,

including the ring and polar atoms bonded to it. The anionic spatial isodensity is again

shown in blue, with the orange indicating the averaged positions of the cationic tetra-
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methylsilyl groups. These anionic distributions are similar to those we reported recently for

Si-mim+/NTf−2 and Si-pyrr+/NTf−2 , respectively.
47 This anion distribution obtained using

classical potentials is remarkably similar to the results from quantum calculations.79 For

the four Si-ILs reported here, the anionic density is more centered around the cationic

ring, because of the longer propylene linker. Despite the changes in anion size for the

three ILs with Si-C3-mim+ the FSI−, NTf−2 , and BETI− anions, the shapes of these spatial

distributions are nearly identical for these three Si-ILs. The distribution shape of anions in

these ILs are similar to Si-mim+/NTf−2 and Si-pyrr+/NTf−2 , while the anion distribution is

more favor the ring, due to the longer alkyl chain.

Fig. 7 is the spatial distribution function of cations (red) and anions (blue) around anions.

The spatial distributions for both Si-C3-mim+/NTf−2 and Si-C3-Pyrr+/NTf
−

2 are similar.

Rather different spatial distributions are obtained for the Si-ILs for Si-C3-mim+ paired with

the FSI− and BETI− anions. From the spatial distribution for Si-C3-mim+/BETI− one

observes that the coordination shell of cations forms a ring over the BETI− anion center,

and the cations are repelled by the anionic fluorocarbon groups.

Anion Effects on the Si-IL Structure

The adjacency peak shapes and positions in S(q) do not show a consistent trend as

the anion size is increased on going from FSI− to NTf−2 to BETI−. Despite the larger

volume of the NTf−2 relative to the FSI− anion, the adjacency peak position for Si-C3-

mim+/NTf−2 is at the same position as for Si-C3-mim+/FSI−, while Si-C3-mim+/BETI−

shifts to only a slightly lower value of q. The adjacency peaks for Si-C3-mim+/NTf−2 and

Si-C3-mim+/BETI− have approximately same amplitudes, while the amplitude for the Si-

C3-mim+/FSI− adjacency peak is significantly larger. Considering the effective ion pair

volumes calculated from the experimental density, the ion pair volumes with Si-C3-mim+

are 470 Å3 for FSI−, 559 Å3 for NTf−2 , and 642 Å3 for BETI−. This difference in ion pair

volumes should lead to concomitant shifts in the adjacency peak, which are not observed. We

believe that this different is probably due to the change of local packing of the IL structure.

Contributions to the adjacency peak arise not only from the coordination of differently

charged ions, but also from the contract of tail groups in the nano-segregated domains.44,80

The position of the FSDP reveals that the nano-domain for Si-C3-mim+/FSI− is larger than
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Si-C3-pyrr+ /NTf2
-Si-C3-mim+ /BETI-

Si-C3-mim+ /FSI- Si-C3-mim+ /NTf2
-

= N
N N+

or

FIG. 5. The intermolecular spatial distribution of anions (blue) and cationic head groups (red)

around cation tails for fixed positions of the Si(CH3)3 groups; the averaged ring positions for all

1,000 ion pairs in the simulation box are shown. The isodensity values for the anions are 2.35

nm−3 for FSI−, 2.8 nm−3 for Si-C3-mim+/NTf−2 , 2.0 nm−3 for BETI−, and 2.1 nm−3 for Si-C3-

Pyrr+/NTf−2 .

for Si-C3-mim+/NTf−2 , so in Si-C3-mim+/FSI− the contact of cation tails may be playing

a more important role than in Si-C3-mim+/NTf−2 , which in turn may lead to an adjacency

peak shift. From Figs. 5 and 6 we also find evidence that the anion favors the cationic tail

more than the ring for Si-C3-mim+/FSI−.

The intensity of the charge-charge correlation peak in Si-C3-mim+/NTf−2 is smaller than

for Si-C3-mim+/BETI−, while Si-C3-mim+/FSI− only shows a shoulder in this q regime. A

larger charge-charge correlation peak intensity here does not necessarily indicate a stronger

anion-anion interaction, because the X-ray scattering cross section increases for the anions

with more heavy atoms. The position of the charge-charge correlation peak as well as the

position of charge correlation from ionic partitioning of S(q) shows a shift to lower q values

14



Si-C3-mim+ /FSI-

Si-C3-pyrr+ /NTf2
-

Si-C3-mim+ /NTf2
-

Si-C3-mim+ /BETI-

Si=

FIG. 6. The spatial distribution of anions around cations, where the ring position is fixed and the

cationic tail positions are averaged for the 1,000 ion pairs in the simulation box. The isovalues for

the anion number densities are 2.6 nm−3 for Si-C3-mim+/FSI−, 3.2 nm−3 for Si-C3-mim+/NTf−2 ,

2.2 nm−3 for Si-C3-mim+/BETI−, and 2.5 nm−3 for Si-C3-Pyrr+/NTf−2 .

for the large anions, as expected. However, the ionic partitioning of the structure factors

shows that for all cation-cation, anion-anion, cation-anion interactions, the trend of peak

amplitudes for S(q) scales as Si-C3-mim+/NTf−2 <Si-C3-mim+/FSI− <Si-C3-mim+/BETI−.

When the size of the anion increases from FSI− to NTf−2 to BETI−, the intensity of the

FSDP in S(q) increases while the peak shifts to larger q. Instead of taking part in forming a

non-polar domain in IL structure, the fluorous- or perfluorocarbon ends of the anion prevent

the non-polar domains in the ILs from growing. The FSDP intensity follows the trend FSI−

<NTf−2 <BETI− because of the larger X-ray scattering cross section for the anion.
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Si-C3-mim+ /FSI- Si-C3-mim+ /NTf2
-

Si-C3-pyrr+ /NTf2
-Si-C3-mim+ /BETI-

FIG. 7. Spatial distributions around the Si-IL anions, for fixed angles of the anionic S–N–S bond

angles. The cationic (anionic) isodensity values are 2.05 (2.00) nm−3 for Si-C3-mim+/FSI−; 2.50

(2.40) nm−3 for Si-C3-mim+/NTf−2 ; 1.80 (1.65) nm−3 for Si-C3-mim+/BETI−; 2.00 (2.00) nm−3

for Si-C3-Pyrr+/NTf
−

2 .

Cationic Tail Length and Polarity Effects on IL Structure

How the polarity and chain length will affect the silicon-substituted ILs can be studied

by comparing the structures of Si-C3-mim+/NTf−2 and Si-C3-Pyrr+/NTf
−

2 with those of

Si-mim+/NTf−2 , SiOSi-mim+/NTf−2 and Si-pyrr+/NTf−2 in Ref. 47. Changing the cationic

functionality from the trimethylsilylmethyl group to the trimethylsilylpropyl group leads to

the introduction of a FSDP in S(q) because the latter –(CH2)3Si(CH3)3 tail is long enough.

The FSDP in Si-C3-mim+/NTf−2 is more intense and occurs at lower q value of 0.39 Å−1,

compared to q = 0.41 Å−1 for SiOSi-mim+/NTf−2 , which has the same chain length. This

indicates a larger and stronger nano-aggregation of side chains than in Si-C3-mim+/NTf−2 .

The adjacency peak in S(q) is found at q = 1.28 Å−1 for Si-mim+/NTf−2 and 1.27 Å−1 for

Si-pyrr+/NTf−2 . We found that increasing cation chain length will lead the adjacency peak

moving to higher q value, which indicates a smaller Bragg domain for an ion pair. This is in
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contrast to the larger molecular volume of the longer chain cation. This may be explained

by the differences in the packing in the ionic liquids. As we have discussed for the spatial

distribution in Figs. 5 and 6, one clearly sees that anions show increased correlation with

the cationic rings, which may lead to decreased distances between anions and cationichead

groups.

The charge-charge correlation peak in S(q) is observed at q= 0.87 (0.90) Å−1 for Si-

mim+/NTf−2 and 0.83 (0.85) Å−1 for Si-pyrr+/NTf−2 while the second coordination interac-

tions analyzed from the partial S(q) are found at q= 0.83 for Si-mim+/NTf−2 and 0.82 for

Si-pyrr+/NTf−2 . Though the position of charge-charge correlation peak changes noticeably

on changing from the trimethylsilylmethyl group to the trimethylsilylpropyl group, the av-

erage distance charge-charge interactions from S(q) partitioning do not have a significant

change. Since charge-charge correlation peak partially overlaps with the adjacency peak,

this peak shift may mainly be related to different adjacency peak broadening.

Structural Differences for Imidazolium vs. Pyrrolidinium Cations

The FSDP in S(q) for the Si-C3-mim+/NTf−2 Si-IL is much more intense than for Si-

C3-Pyrr+/NTf
−

2 and is observed at a lower q value. This is consistent with the behavior

manifested by ILs having hydrocarbon side chains, because C[n]-imidazolium cations have

a longer effective length than the homologous C[n]-pyrrolidiniums.43,44,81

For the Si-ILs having –CH2Si(CH3)3 groups, the position of the adjacency peak in S(q) is

the same for both Si-mim+/NTf−2 and Si-pyrr+/NTf−2 .
47 However, for the –(CH2)3Si(CH3)3

cationic group, the imidazolium-cation Si-C3-mim+/NTf−2 adjacency peak is observed at a

lower value of q relative to the pyrrolidinium-cation Si-C3-Pyrr+/NTf
−

2 . The peak positions

for each of these interactions for Si-C3-Pyrr+/NTf
−

2 IL are shifted to lower values of q relative

to the three ILs with the Si-C3-mim+-cation ILs, indicating that the former pyrrolidinium-

cation IL has larger spatial dimensions for each of the three inter-molecular domains.

From the ionic partitioning of S(q) presented in Fig. 3 we found that the pyrrolidinium

Si-ILs have much sharper ionic partial structure factors do the imidazolium ILs. One sees

in Fig. 4 that the same holds true for the sub-ionic partitioning of S(q).
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Diffusivities of Si-ILs

Self-diffusion coefficients for anions and cations in ILs have long been measured using

the PG-SE NMR method.82–85 These measurements complement the measurements of other

transport properties including conductivity and viscosity, as these measure the total flux

of ions. By comparing self-diffusion coefficients obtained from PG-SE NMR measurements

with conductivity data, the ionicity, or degree of independent motion of the ions in the IL

can be determined.86 The diffusivities of anions, cations and solutes in ILs do not precisely

scale with hydrodynamic models, but rather with a fractional Stokes-Einstein equation.87 We

have observed this behavior previously for the Si-IL Si-mim+ and the hydrocarbon analog

C-mim+, both with the BF−

4 and NTf−2 anions.3 It is worth noting that neutral solutes in ILs

experience a significantly lower friction than do the ions, leading to transport much faster

than expected based on hydrodynamic predictions.52,53,88

The anionic and cationic diffusivities for a set of 7 Si-ILs and one hydrocarbon-tailed

homolog were measured using the PG-SE NMR technique. The diffusivities measured at

298, 303 and 308 K are plotted in Fig. 8. A larger spatial extent for either the anion

or the cation leads to decreased diffusivities for both anions and cations. More polar and

flexible side chains can increase the diffusivities of both anions and cations. The anion in

SiOSi-mim+/NTf−2 diffuses approximately as fast as in Si-mim+/NTf−2 . For the case of a

common anion for a pair of Si-ILs, the imidazolium cation IL generally displays a diffusivity

(and inverse viscosity) that is about a factor of two larger than the homologous IL with a

pyrrolidinium cation. A similar trend is observed for ILs with hydrocarbon side chains.88

The viscosities for the Si-C3-mim+ and Si-C3-Pyrr+ Si-ILs are plotted in Fig. 9, shown

with fits to the Vogel-Fulcher-Tammann (VFT) equation. The VFT fit parameters are

provided in the Supplementary Material. These viscosity data are used in calculating diffu-

sivity estimates from the Sutherland-Stokes-Einstein equation, D = kBT/(6πηR). Here T

is the absolute temperature, η the shear viscosity, and R the effective radius of the diffusing

species. R is estimated from the molecular volume obtained from a geometry-optimized

gas-phase structure at the HF/6-31G(d) level of electronic structure. In Fig. 10, we plot the

diffusivities measured using PG-SE NMR against the calculated hydrodynamic diffusivity

estimates. The graph on the left in Fig. 10 plots the measured vs. calculated self-diffusion

coefficients for the anions, while the graph on the right plots the same values for the cations.
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FIG. 8. The diffusivities of ionic liquid cations and anions measured by PG-SE NMR technique.

Solid symbols indicate cationic diffusivities and open symbols are for anionic diffusivities. Lines

serve only to connect the data points.

In addition to the 24 data points for the 7 Si-ILs and for C-mim+/NTf−2 , we also include

diffusivities for several ILs with bis-(fluorinated sulfonyl)amide anions that have typical

hydrocarbon-functionalized cations, such as Im+
4,1, Pyrr

+
4,1, and related species.83–85,89,90 In

these graphs, blue data points represent the silicon containing ionic liquids (Si-ILs) and

red points are for the ILs with hydrocarbon-tailed cations that do not contain any silicon

atoms. The object in Fig. 10 is to quantitatively compare the relative behaviors of anion

and cation self-diffusion after normalizing for ion size and bulk viscosity. The anionic self-

diffusion coefficients plotted in the graph on the left side of Fig. 10 behave as expected.

The graphs of the cationic self-diffusion coefficients shown on the right side of Fig. 10 show

that the trend line for the prototypical dialkyl- imidazolium and pyrrolidinium cations also

display a consistent scaling once normalized for viscosity and size, but that the slope of the

same trend line for the Si-ILs is only 2/3 the value of the hydrocarbon-tailed IL cations.

The straight lines in Fig. 10 are linear fits of the points, and the slopes can be found in

the Supplementary Material. This result points out that though the anionic and cationic

self-diffusivities must be somewhat correlated in any IL, the Si-IL cations are experiencing a

reduced friction compared to the homologous classes of hydrocarbon-cation ILs- they are in

fact more slippery. Most intriguing is that this slipperiness seems to be a property belonging

only to the cation in the Si-ILs, not to the anion in the same liquid. This opens up the
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question of whether the class of Si-ILs may in fact be superior for various tribological and

heat-transfer applications. It will be of great interest to explore the mechanisms of relative

diffusivities of Si-IL anions and cations using molecular dynamics simulations,91 in order to

correlate structure with transport properties.13

The CL&P force field used here can lead to quantitative agreement between experiments

and simulations for structural properties. However, CL&P often leads to up to an order of

magnitude error for the calculation of self-diffusion coefficients in ILs.75 Fully polarizable

or ab initio methods29,92–96 are often required to accurately reproduce observable proper-

ties such as diffusivities or viscosity. Scaled-charge methods can be used to approximate

the polarization effects on the ions,97–100 since charge transfer plays an important role in

determining ion diffusivities.100,101

Köddermann et al. tuned the Lennard-Jones parameters in the force field to more accu-

rately reproduce dynamical properties.75 We simulated the diffusivities of Si-mim+/NTf−2

and C-mim+/NTf−2 using this force field, using the final equilibrated boxes for Si-mim+/NTf−2

and C-mim+/NTf−2 from previous work for the initial geometries.47 Only the van der Waals

parameters in the force field are replaced by the parameters from Koeddermann et al. while

all other CL&P parameters are unchanged. The simulations are done using the double

precision GROMACS-4.5.5 package.57,58 The boxes are further equilibrated for 5 ns using

Nosé-Hoover thermostat102,103 and Parrinello-Rahman barostat104. The final production run

is at constant energy and volume (NVE) for 8 ns. The simulated diffusivities are 1.42 (1.351)

×10−7 cm2/s for Si-mim+ and 1.28 (1.306) 10−7 cm2/s for NTf−2 in Si-mim+/NTf−2 ; 1.78

(0.681) 10−7 cm2/s for C-mim+ and 1.46 (0.644) 10−7 cm2/s for NTf−2 in C-mim+/NTf−2 .

The diffusivities from PG-SE NMR experiments from this work are given in parentheses.

The simulated diffusivities for Si-mim+/NTf−2 are similar to experiments, but this trend

is not followed by C-mim+/NTf−2 . Further tuning of the force field will be needed in the

future to obtain the correct trends in diffusivities.

CONCLUSIONS

Using high-energy X-ray diffraction and molecular dynamics simulations, we measured

and calculated the bulk liquid structures for four silicon containing ionic liquids, Si-C3-

mim+/FSI−, Si-C3-mim+/NTf−2 , Si-C3-mim+/BETI− and Si-C3-Pyrr+/NTf
−

2 and com-
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FIG. 9. Shear viscosities for five of ionic liquids plotted vs. temperature. Lines are fits to the VFT

equation; the fit parameters are given in the Supplementary Information.

FIG. 10. Plots of diffusivities of anions (left) and cations (right) predict by the (Sutherland)-

Stokes-Einstein Equation vs. diffusivities measured by PG-SE NMR. Red points are ionic liquids

containing silicon from this work, blue points are ILs with hydrocarbon-substituted cations from

this work and the literature.83–85,89,90 Linear fits to the data are shown.

pared them with other silicon or hydrocarbon side chain ILs including Si-mim+/NTf−2 ,

C-mim+/NTf−2 , SiOSi-mim+/NTf−2 and Si-pyrr+/NTf−2 . We also measured the diffusivities

and viscosities of these ionic liquids. We achieved good agreements between the structure

factors S(q) between experiments and simulations. We analyzed the effect of the anion
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type, the tail group length/polarity and the head group type will affect ionic liquid on

silicon-substituted ionic liquids structures.

The –(CH2)3Si(CH3)3 functional group on the cation is large enough to cause the emer-

gence of a FSDP in the liquid structure factor for the IL. The resulting domain will be larger

than that formed by the polar aggregation of a same length side chain in SiOSi-mim+/NTf−2 .

Increasing the chain from the –CH2Si(CH3)3 to the –(CH2)3Si(CH3)3 group will lead to a

shift of the adjacency peak in S(q) to larger values of q, indicating a smaller average in-

termolecular distance between the ions. This might be explained by the changes in liquid

organization in the –(CH2)3Si(CH3)3-tail domains, and the adjacency interactions between

anions and cation heads. Increasing the cation chain length will generally decrease the

diffusivities of ions, while a polar and flexible side chain generally enhances the diffusivity

relative to an apolar side chain.

An anion with a larger fluorinated group changes the relative fraction of contributions

to S(q) from polar head groups vs. hydrophobic perfluorocarbon groups, which will in turn

cause a shift of the adjacency peak to lower q values. The longer fluorinated segment in the

anion will lead to a smaller intermediate-range-domain in the IL structure, as indicated by

the FSDP shifting to higher q range.

We studied the relation between measured diffusivities measured by PG-SE NMR and

predicted by the Sutherland-Stokes-Einstein Equation. We found that for sulfonylimide

based anion ionic liquids with either silicon containing side chains or hydrocarbon side chains,

there is a linear relation between the experimental and theoretical diffusion coefficients. For

the anions, the IL with either silicon contained side chain or hydrocarbon side chain share

a same scale factor, but for the cation diffusivity, the scaling factor of two type ILs are

different.

SUPPLEMENTARY MATERIAL

See supplementary material for more detailed supplementary information on parametriza-

tion of the MD force fields for Si-C3-mim+ and Si-C3-Pyrr+; estimation of the anionic and

cationic radii; and details on the tabulation of the literature diffusivities and viscosities used

in Figs. 8 and 10.
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102S. Nosé, “A unified formulation of the constant temperature molecular dynamics meth-

ods.” J. Chem. Phys. 81, 511–519 (1984).
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